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The Mazatán barite deposits, Sonora, NW Mexico, represent an outstanding example of Paleozoic bedded barite, a poorly understood type of mineral deposit of major economic interest. The deposits of this type commonly occur hosted by shales and are characterized by the lack of base-metal sulfide mineralization, in contrast to classic sedimentary-exhalative (or SEDEX) deposits. A throughout study of the Mazatán barite deposits, based on petrography, fluid inclusions analyses and isotope geochemistry, confirmed the link between bedded barite and fossil hydrocarbon seeps, thereby leaving hydrothermal vent-related processes ruled out. Hence, modern cold seeps in continental margins would account for the geological setting and genetic aspects of this type of deposit. The largest barite bodies of Mazatán are hosted within an Upper Carboniferous flysch succession, which formed part of an accretionary wedge related to the subduction of the Rheic Ocean beneath Gondwana. As well, a few barite occurrences are hosted in Upper Devonian, pre-orogenic turbidites. A variety of mineralized structures is displayed by barite, including: septaria nodules, enterolitic structures, rosettes and debris-flow conglomerates. Barite is accompanied by chalcedony, pyrite (framboids) and berthierine. Gas-rich fluid inclusions in barite were analyzed by micro-Raman spectroscopy and methane was identified, suggesting the occurrence of light hydrocarbons in the environment within which barite precipitated.
13
C-depleted carbonates (δ 13 C: −24.3 to −18.7‰) were found in the barite deposits; they likely formed through anaerobic oxidation of methane coupled to sulfate reduction. Besides, these carbonates yield negative δ
18
O values (−11.9 to −5.2‰) reflecting the isotopic composition of Devonian-Carboniferous seawater; alternatively, this 18 O-depletion could reflect late diagenetic processes. Methane-derived carbonates occur at modern hydrocarbon seeps and have been reported from Mesozoic, Cenozoic and even Paleozoic seep sediments, but they have never before been described in Paleozoic bedded barite deposits. δ 34 S values of barite vary from +17.6 to +64.1‰, with the lowest values overlapping the range for coeval seawater sulfate; this distribution indicates a process of sulfate reduction. Barite precipitation can be explained by mixing methane-and barium-rich fluids with pore-water (seawater) containing sulfate residual from microbial reduction. Two analyses from barite gave an 87 Sr/ 86
Introduction
Sediment-hosted, stratiform barite deposits -also known as bedded barite deposits (Orris, 1986 ) -account for the largest global barite resources (Jewell, 2000) . Although they have been described in sedimentary sequences from Archean to Jurassic (Johnson et al., 2009 and references therein) , the volumetrically most important are by far those of Paleozoic age (Jewell, 2000) . Prominent examples of this type of deposit occur in south China (Early Cambrian) and in Nevada (OrdovicianUpper Devonian), the latter with total reserves of~90 Mt (Jewell, 2000) . Although smaller, those of Mazatán, in the northern state of Sonora ( Fig. 1) , contain the largest resources of barite of Mexico, exceeding 13 Mt of ore with a specific gravity of 3.6-3.8 g cm . The largest barite Ore Geology Reviews 56 (2014) 
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Ore Geology Reviews j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / o r e g e o r e v bodies of Mazatán are hosted within an Upper Carboniferous flysch succession, which formed part of an accretionary wedge related to the subduction of the Rheic Ocean beneath Gondwana (Poole et al., 2005) . However, few barite occurrences are hosted in Upper Devonian preorogenic turbidites (Fig. 1 ).
An outstanding feature of all deposits cited above, categorized as the "continental margin type" by Maynard and Okita (1991) , is the lack of base-metal sulfide mineralization that is commonly associated to classic sedimentary-exhalative (or SEDEX) deposits (cf. Goodfellow et al., 1993; Large, 1981; Leach et al., 2010; Rajabi et al., 2012) .
Contrasting hypotheses have been proposed for the origin of bedded barite, which has given rise to controversy Johnson, 2004 and Torres et al., 2003) . Most of the early work (e.g. Dubé, 1988; Maynard and Okita, 1991; Poole et al., 1991) considered that these deposits formed at the seafloor from low-temperature (~100-200°C) hydrothermal solutions, without clearly addressing the lack of Pb-Zn mineralization. It should be noted, however, that Howard and Hanor (1987) had suggested that barite from Carboniferous bedded deposits of Arkansas might form from "subsurface formation fluids" enriched in Ba, Sr and Ca. Alternatively, it has also been proposed a biogenic origin for these deposits; so that, barite would precipitate biogenically from high productivity, sulfate-deficient open ocean water and then would accumulate to the seafloor (e.g. Jewell, 2000) . However, it seems unlikely that this process by itself has originated deposits with the shape, tonnage and grades as those of Paleozoic age; hence, Clark et al. (2004) proposed that these deposits formed as a result of a combination of hydrothermal and biogenic processes.
Becoming an important focus of research, cold seeps in continental margins provided new clues for the origin and geologic significance of bedded barite deposits (Torres et al., 2003) . Authigenic barite has been reported at many modern cold seeps, associated with methane-derived carbonates, forming chimneys, massive bodies or sandy deposits, as well as cements; barite precipitation occurs at or slightly below the sediment-water interface as a result of mixing methane-and barium-rich seep fluids with sulfate-rich seawater (e.g. Aloisi et al., 2004; Canet et al., 2006; Fu et al., 1994; Greinert et al., 2002) . Paytan et al. (2002) named the barite thus formed as "diagenetic barite", and Torres et al. (2003) stated that this is the mechanism of precipitation for bedded barite; therefore, giant Paleozoic deposits of this type would represent fossil cold methane seeps. However, the latter authors failed to provide any direct evidence for the involvement of methane, nor ambient temperatures were demonstrated with certainty. They based solely on the finding of fossil faunas (rich in rhynchonellide brachiopods) that resemble those reported by Peckmann et al. (2007) in Late Devonian hydrocarbonseep limestones from Morocco. Emsbo and Johnson (2004) in contrast favored the hydrothermal theory, arguing that "the absence of sulfides does not preclude a hydrothermal origin". Subsequently, Johnson et al. (2009) , on the basis of the stable isotope (O and S) analysis of barite samples from many bedded deposits worldwide (which they named as "Sedex"), including a few samples from Sonora, again proposed that the modern analog of these deposits is cold seeps on continental margins. Although isotopic analyses revealed a bacterial sulfate reduction process, direct evidence of anaerobic oxidation of methane (AOM), manifested by methane-derived carbonates, was not found. It is worth mentioning that methane-derived carbonates are one of the most significant features associated with methane seeps, both modern and fossil (Peckmann and Thiel, 2004; Peckmann et al., 1999) .
This contribution presents the results of an isotope geochemistry study (S, C, O, Sr), along with detailed petrographic data, of a representative Paleozoic bedded barite deposit in Sonora, Mexico (Fig. 1) . The principal goal of this paper is to present convincing evidence, direct and indirect, that barite mineralization was authigenic and related to the seepage of methane-rich, cold to warm fluids at the seafloor. Thus, we intend to settle the controversy about the origin of a deposit type that, although economically important, has been poorly understood.
Geological setting
The barite deposits of Mazatán are hosted by folded and thrustfaulted Paleozoic sedimentary series that represent the westernmost portion of the Ouachita-Marathon-Sonora orogen. This structure is añ 3000 km long belt of deformed Paleozoic rocks that mark the border between the southern edge of the Laurentian (North American) craton and the Gondwana (South America) continental magmatic arc (Poole et al., 2005) . This orogen resulted from the closure of the Rheic Ocean, a subduction-collision event that, at what is today Sonora, took place during the Late Permian.
The Paleozoic rocks in the Mazatán area are divided in two major sedimentary sequences, pre-orogenic and syn-orogenic (Poole et al., 2005) ; the visible contact between them is represented by NW-SE directed thrust faults (Fig. 1) . The base of the pre-orogenic sequence is Ordovician in age and consists of organic-rich pelites with interbedded chert deposited in a deep-marine, off-shelf sedimentary environment (Poole et al., 2005) . Conformably overlying these rocks is an~500 m thick turbiditic succession of siltstones and sandstones, the Upper Devonian Los Pozos Fm., which hosts a few minor stratiform barite occurrences. These consist of strongly deformed, minor barite beds, attaining 3 m in thickness and a few tens of meters in lateral extent (e.g. El Chino occurrence). The following unit, at the top of the preorogenic sequence, consists of 50-100 m of limestones (devoid of barite) of Lower Carboniferous age.
The syn-orogenic sequence starts with a basal bed of conglomerates, up to 15 m thick. Above, a flysch succession of at least 1000 m of siltstones and sandstones with interbedded chert layers occurs. This unit, named Rancho Nuevo Fm., deposited during the Upper Carboniferous in a deep oceanic basin, having been interpreted as part of an accretionary wedge formed above a S-dipping subduction zone (Poole et al., 2005) . The largest stratiform barite deposits in Mazatán are hosted within the Rancho Nuevo Fm. (Figs. 1 and 2 ). At least ten of the Upper Carboniferous-hosted barite deposits have a thickness that exceeds 1 m; the largest of them (Las Torres) attains 25 m in its widest exposed portion. The barite-bearing interval extends laterally (NE-SW) for at least 2 km, dipping 20-60°to the NW.
Sampling and methods
Three of the largest barite stratiform bodies of the Mazatán area, which are hosted in Upper Carboniferous series (Fig. 1) , were sampled: (I) Las Torres (28°55′29″N/109°59′29″O), (II) Sahuaro (28°55′ 26″N/109°59′22″O), and (III) Cerro no. 6 (28°55′41″N/109°59′9″O). In addition, we sampled two minor barite occurrences that are representative of the Upper Devonian-hosted mineralization: (IV) El Chino (28°55′20″N/109°58′41″O) and (V) Los Pozos (28°54′48″N/109°57′ 18″O). Twenty-four rock samples were collected from these barite deposits and occurrences.
Mineral assemblages were studied in 14 polished thin sections using a standard petrographic microscope. Thin sections were analyzed with an electron probe microanalyzer (EPMA) JEOL JXA-8900XR, at the Instituto de Geofísica, Universidad Nacional Autónoma de México (UNAM). With this equipment, wavelength dispersive spectrometry quantitative analyses of sulfates and phyllosilicates were obtained. Bulk mineralogy was confirmed in 8 samples by X-ray diffraction (XRD), using a Philips 1400 diffractometer at the Instituto de Geología, UNAM.
Sulfur isotopes (δ 34 S) were measured in 14 samples of barite; additionally, oxygen isotopes (δ 18 O) were measured in 7 of these samples. Barite isotopic analyses were carried out at the Centres Cientifífics i Tecnològics, University of Barcelona, using a Delta C Finnigan MAT continuous flow isotope-ratio mass spectrometer with an elemental analyzer TC-EA. Eighteen carbon and oxygen stable isotopes (δ 13 C and δ 18 O) were measured in carbonate samples that were previously separated using a micro-drill, at the Instituto de Geología, UNAM. The mass spectrometry measurements were performed using a Finnigan Delta Plus XL with a dual inlet Gas Bench II interface. Sulfur isotope results (from barite) are given as δ Sr ratio of 0.1194. Fluid inclusions were studied from a doubly polished section, using a Linkam THMSG-600 heating-freezing stage. Micro-Raman spectra were obtained from gas-rich inclusions in barite crystals. For that purpose, we used an Almega XR Raman device (Nd:YVO 4 laser), coupled to an optical microscope, at the Centro de Ciencias Aplicadas y Desarrollo Tecnológico, UNAM.
Results and discussion
A variety of barite mineralized structures and fabrics is displayed at the Mazatán deposits (Figs. 2 and 3) . At their base, the Upper Carboniferous deposits show an~10 m-thick interval in which barite occurs primarily as nodules within a siltstone matrix. Barite nodules show great differences in shape and grain size. Crypto-to micro-crystalline barite forms ellipsoid, septaria-like nodules (Fig. 2B ). These nodules are almost monomineralic, containing, besides barite, disseminated, fine-grained (b20 μm) pyrite and detrital quartz. The septaria cracks are restricted to nodules and show no signs of late brittle deformation. They are filled by coarse (~1 mm), clear barite crystals, which are accompanied by subordinate berthierine. The structural formula (derived from EPMA) for the latter -a serpentine group mineral widespread in modern marine sediments and authigenic deposits-is (Fe Suitable fluid inclusions for microthermometric study were found in the septaria crack-filling barite (Upper Carboniferous deposits). These inclusions mostly occur homogeneously distributed and show no petrographic evidence of post-entrapment modifications, being of primary origin accordingly to criteria provided by Roedder (1984) . Both aqueous (two-phase; liquid + vapor) and gas-rich fluid inclusions were observed at room temperature (Fig. 4) , suggesting heterogeneous trapping of coexisting free gas and liquid during barite crystallization. Homogenization and ice-melting temperatures were obtained from aqueous inclusions, with ranges of 33°to 38°C and −1.0°to −0.5°C, respectively. Gas-rich inclusions were analyzed by micro-Raman spectroscopy and methane with subordinate ethane were identified (Fig. 4) . These results provide direct evidence of the occurrence of light hydrocarbons, as free gas, in the environment within which barite precipitated. In modern cold seeps, ethane may occur in significant concentrations, although always smaller than those of methane, suggesting the contribution of a thermogenic source for gas (e.g. Pohlman et al., 2009) .
Upper Carboniferous-hosted barite forms, as well, enterolitic-like structures, in which spheroidal nodules and irregular, synsedimentary folds of coarse-grained (N 1 mm) barite are embedded in a microcrystalline (b100 μm) barite matrix (Fig. 3A) . Barite also develops large tabular crystals (up to 2.5 cm across) arranged as concentrically-banded spheroidal nodules and rosettes (Fig. 3B) . The latter prevail in the Upper Devonian deposits, associated to fossiliferous carbonates, (biosparite) rich in rhynchonelloid brachiopod shells and microbial remains (Fig. 3C) . The Mazatán brachiopod fossils were studied by Noll et al. (1984) , who assigned them to a new species: Dzieduszyckia sonora. It is worth mentioning that, according to Peckmann et al. (2007) , the genus Dzieduszyckia belongs to a seep-associated lineage of brachiopods.
Chalcedony quartz occurs (~20% modal) interstitial to barite in the coarse-grained aggregates and as crack-fill (Fig. 3D) ; its origin could be related to the late-diagenetic remobilization of biogenic silica. Consistent with this, radiolarians are very abundant, replaced by barite and included within the coarse crystals (Fig. 3E) , suggesting high productivity conditions in the water column. Pyrite occurs disseminated, commonly in the form of framboidal aggregates (Fig. 3F) .
Another mode of occurrence of Upper Carboniferous-hosted barite is as poikilitic cement in quartz arenites (Fig. 3G) . Additionally, it occurs as subangular clasts (pebble-sized) within a silty matrix, forming a matrixsupported conglomerate (Fig. 2D) . Poole (1988) described similar structures in the Nevada deposits and interpreted them as intraformational, debris-flow conglomerates. Likewise, current reworking and concentration of authigenic barite has been reported near modern gas seeps in the northern Gulf of California (Canet et al., 2010 (Canet et al., , 2013 .
The main barite bed in Mazatán attains 25 m in thickness and lies above the nodule-rich interval (Upper Carboniferous). It is made up of laminated to massive, near-monomineralic microcrystalline barite (100-500 μm) (Fig. 3H) , with subordinate chalcedony and disseminated euhedral pyrite. The textures above, which have been previously described in some bedded barite deposits (cf. Clark et al., 2004; Jewell, 2000; Poole, 1988) , indicate that barite precipitation was primarily authigenic and occurred within the unconsolidated sediments, near the water-sediment interface, consistent with observations in modern cold seeps (cf. Greinert et al., 2002; Torres et al., 2003) .
The EPMA analysis of barite revealed a range of Sr concentration of 0.00-5.24% SrSO 4 molar (Table 1) . Strontium content varied significantly (according to a Student's t-test) in function of barite textures, regardless of the age (Fig. 5) : the highest Sr values were found in massive, finegrained barite, whereas in rosette, coarse-grained barite Sr is below 1% SrSO 4 molar. The higher Sr concentration in the former style of occurrence could reflect some contribution from pelagic barite (cf. Griffith and Paytan, 2012) or, alternatively, an increase in the temperature and/ or in the Sr/Ba ratio of the mineralizing (seep) fluids (Fu et al., 1994) .
To the top of the Upper Carboniferous barite-bearing interval, cm-thick chert and carbonate horizons occur. The latter consist of massive dolomicrosparite (Fig. 3I) , containing disseminated barite along with abundant goethite spheroidal aggregates, interpreted as pseudomorphs after pyrite framboids owing to their granular internal structure and diameter (~20-50 μm). XRD analyses indicated that the carbonate is dolomite, which is the main constituent of some modern methane-seep authigenic deposits (e.g. Magalhães et al., 2012) . Even though seawater is supersaturated in dolomite, the precipitation of this mineral is inhibited by the SO 4 2− ion (Baker and Kastner, 1981) . In cold seep environments, where there is a flux of reducing, sulfate-free fluids through the surface sediments to the seafloor, dolomite precipitates under enhanced HCO 3− activity conditions.
The stable isotopic analysis of the carbonates found in the studied barite deposits, both Upper Devonian and Upper Carboniferous, revealed a depletion in (Fig. 6A) . Both clusters are very close in δ 13 C, with partially overlapping ranges, but are contrasting in δ 18 O. Carbonates depleted in 13 C are a common feature of modern hydrocarbon seeps (e.g. Campbell, 2006; Canet et al., 2006; Greinert et al., 2002; Han et al., 2004; Sassen et al., 1993) . They also have been reported from seep sediments dating from the Mesozoic and the Cenozoic (e.g. Peckmann and Thiel, 2004) , and even from the Paleozoic (Himmler et al., 2008; Peckmann et al., 2007) . However, they have never before been described in Paleozoic bedded barite deposits. These carbonates form through AOM, a microbially-mediated reaction that coupled to sulfate reduction enhances HCO 3 − and HS − activities triggering carbonate and pyrite precipitation (e.g. Aloisi et al., 2000) . According to Aloisi et al. (2004) , the mineralogy of authigenic deposits in cold seeps is largely controlled by a competition for sulfate between barium and methane. Based on numerical modeling, the above authors stated that at low dissolved methane/barium ratios (b4-11 molar) barite precipitation dominates, whereas at higher methane/barium ratios AOM decreases sulfate availability and, thus, carbonates prevail over barite. The former conditions might also account for the formation of Paleozoic bedded barite deposits, such as those of Mazatán, thus explaining the scarcity of carbonates.
At common modern cold seeps, methane-derived carbonates display δ
13
C values between −25 and −50‰ (Peckmann and Thiel, 2004) , that is, lower than those found in the Sonoran deposits. In many Paleozoic seep-related carbonates, however, δ 13 C values are not so low (although values as low as −51‰ were reported in Upper Carboniferous hydrocarbon-seep carbonates by Himmler et al., 2008) ; for instance, a δ 13 C range between −20 and −11‰ was reported by Peckmann et al. (1999) for Devonian carbonates from Morocco. Values just above −25‰ could indicate that carbonates formed from thermogenic rather than biogenic methane (Buggisch and Krumm, 2005) , which in the Mazatán deposits would be supported by the microRaman analysis results. Furthermore, it should be noted that "normal" marine carbonates (i.e. those formed from seawater dissolved inorganic carbon -DIC) of Carboniferous age have a δ 13 C around +5‰ (Buggisch and Krumm, 2005) , which implies a DIC reservoir enriched in 13 C. Given that most seep carbonates record a mixed source of carbon (seawater DIC + AOM-derived; Formolo et al., 2004) , it would be expected that δ 13 C values are higher in Carboniferous than in modern seep deposits. All the analyzed carbonates yielded negative δ
18
O values, both Upper Devonian calcite (−11.9 to −10.2‰) and Upper Carboniferous dolomite (−6.6 to −5.2‰). Although at most modern seeps methane-derived carbonates display positive δ
O values (e.g.~+4‰ in Aloisi et al., 2000 and in Canet et al., 2006), 18 O-depleted carbonates have been reported in the Monterey Bay, California (~−5.5‰; Naehr et al., 2007) , and in Paleozoic seep deposits (from −2 to −12‰; Peckmann et al., 1999) . For the case of ancient deposits, however, it cannot be ruled out the possibility that the 18 O-depletion in carbonates is reflecting late processes related to burial diagenesis (e.g. Veizer, 1983) . Fig. 4 . Raman spectrum of a gas-rich fluid inclusion hosted by a barite crystal that formed by crack-filling in a septaria-like nodule (sample shown in Fig. 2B ). The analyzed inclusion is one-phase, rounded, and~2 μm in diameter. The interpretation of the spectral features was based on Frezzotti et al. (2012) . The top-left inset shows a photomicrograph of representative primary fluid inclusions, both aqueous (L + V; filling degree N80%) and gas-rich (filling degree b10%). These two types of inclusions are presumably coeval, and reflect the heterogeneous trapping of coexisting free gas and liquid during barite crystallization.
Table 1
Selected chemical analyses (#1 to #7) and descriptive statistics summary (for n = 88 analyses) of barite crystals from the bedded barite deposits of Sonora (electron-microprobe data). Key: Avg. = statistic mean; Max. = maximum value; Min. = minimum value; SD = standard deviation. Barite bodies: Analyses #1-4: Las Torres and Sahuaro (Carboniferous); #5: Cerro no. 6 (Carboniferous); #6: El Chino (Devonian); #7: Los Pozos (Devonian).
(see textures and description in Table 2 ). To calculate the oxygen isotopic composition of water from which carbonates (dolomite and calcite) precipitated, assuming that 18 Odepletion is essentially a primary feature, we considered a temperature of 35°C, i.e. the average temperature of homogenization of fluid inclusions in barite. It is worth mentioning that warm seep fluids are known e.g. from the Norwegian continental margin, where Sauter et al. (2006) reported temperatures up to 25°C at just 20 cm below the seafloor. Thus, the equation of Vasconcelos et al. (2004) , derived for microbially-precipitated dolomite, was applied to Upper Carboniferous data and an average δ
18
O VSMOW for water of − 4.1 ± 0.4‰ (n = 13) was obtained. The equation of O'Neil et al. (1969) was also applied to the oxygen isotopic analyses of Upper Devonian calcite, and the obtained δ formation waters similar to those usually reported in modern seeps (Naehr et al., 2007) . Nevertheless, it should be noted that oxygen isotopic ratios of seawater have experienced a secular variation, recorded by marine carbonates, following a general trend towards higher 18 O/ 16 O with decreasing age (Veizer and Hoefs, 1976 ) (otherwise, this trend has been interpreted as a diagenetic feature by some authors; e.g. Killingley, 1983) . So, the seawater isotopic compositions deduced from our carbonate analyses are compatible with the δ 18 O VPDB data compiled by Veizer and Hoefs (1976) and Veizer et al. (1999) from marine carbonates of Carboniferous and Devonian ages, with modal values around −7‰ and − 10‰, respectively. Oxygen isotopes in barite, on the other hand, show an overall range of variation of +16.2 to +21.3‰ (relative to VSMOW) ( Table 2 ), such that the lowest values fall within the range for coeval marine sulfate and the highest values somewhat above (Fig. 6B) (Feng and Roberts, 2011) .
Sulfur isotopic composition of barite shows a large variation, with δ 34 S from +17.6 to +64.1‰ (all but two of the analyses correspond to Upper Carboniferous) (Fig. 6B) . Typical values of coeval seawater (for Devonian-Carboniferous:~10 − 30‰; Claypool et al., 1980; Strauss, 1997) overlap with the lowest part of our range of data (Fig. 6B) . A wide range of δ 34 S in barite, from values similar to coeval seawater sulfate up to values much higher (up to 40‰ greater), has been reported both in modern seeps (Feng and Roberts, 2011; Greinert et al., 2002) and in Paleozoic bedded barite deposits (Clark et al., 2004) . In all cases, this distribution reflects a process of sulfate reduction, so that the SO 4 2− that combined with Ba 2+ to form barite is residual from microbial reduction and thus enriched in 34 S through a Rayleigh-distillation process (cf. Nakai and Jensen, 1964) . Moreover, a rough covariance of δ
O and δ 34 S is displayed by barite analyses (Fig. 6B) , supporting that this mineral formed from seawater sulfate that had been isotopically modified by kinetic effects during microbial sulfate reduction (Aharon and Fu, 2000; Greinert et al., 2002) . In the case of Upper Carboniferous barite, the slope of the isotopic trend line is of~5 (n = 4; R 2 = 0.930), a value that is characteristic of barite deposited beneath the seafloor at modern cold seeps (Johnson et al., 2009 and references therein) . In the Sonoran deposits, the distribution of δ 34 S and δ 18 O values of barite, along with the occurrence of framboidal pyrite and of AOMcarbonates supports that microbial sulfate reduction took place within the sediments, at the sulfate-methane interface, the loci of barite formation. Sr ratio of barite, obtained from two samples from the Upper Carboniferous deposits, was of 0.708130 and 0.708588 (samples T-1-f and T-1-b of Table 2 , respectively). These two values fall within and slightly above to the Upper Carboniferous seawater range (~0.70804-0.70828; Burke et al., 1982) , which, in terms of Δ (Maynard et al., 1995 and Torres et al., 2003) , such that higher values (i.e. more radiogenic than seawater) imply greater influence of continental crust and/or terrigenous material (Feng and Roberts, 2011; Paytan et al., 2002) . On the other hand, in the case of barite deposited at submarine hydrothermal vents, a large depletion in 87 Sr (Δ 87 Sr/ 86 Sr~−0.006) might be expected, involving hot mineralizing fluids that interacted with oceanic crust (Paytan et al., 2002) .
Deposit model and concluding remarks
All the results presented in this paper indicate that the Mazatán barite deposits, and by extension other classic Paleozoic bedded deposits (i.e. sedimentary-hosted barite lacking Pb-Zn), formed due to hydrocarbon seepage at or near the seafloor, broadly in accordance with the model by Torres et al. (2003) . The hydrocarbon seeps occurred in an accretionary setting analog to that of many modern barite seep deposits, probably beneath a highly productive water column. Barite precipitation took place within the sediments by mixing warm (~35°C) methane-and barium-rich fluids with pore-water (seawater) containing sulfate ion residual from microbial reduction. Micro-Raman analysis of fluid inclusions supports the occurrence of methane, as free gas, during barite crystallization. Moreover, the 13 C-depleted carbonates that are present in the barite deposits probably formed by the oxidation of methane, through microbially-mediated AOM coupled to sulfate reduction. Methane-derived carbonates, reported herein for the first time in Paleozoic bedded barite deposits, occur in subordinate amounts with respect to barite, indicating low dissolved methane/ barium ratios in the mineralizing (seep) fluids. Additionally, brachiopod faunas occurring in Upper Devonian barite deposits (previously described by Noll et al., 1984) are consistent with a hydrocarbon-seep environment.
Having demonstrated the link between these deposits and hydrocarbon seeps, we suggest categorizing them as methane-seep bedded barite deposits. However, this model of deposit should be tested by further studies on other Paleozoic bedded barite deposits to be applied in a general way.
